The effects of acoustic waves on membrane structures, and any resulting consequences of this treatment on membrane subunit structures, remain poorly understood, as are the principals of related clinical effects. With a focus on morphological changes in the nuclear envelope, the current study presents detailed observations of membrane structures exposed to therapeutic ultrasound. Ultrasound treatment most commonly resulted in distinct changes in the distribution of nuclear pore complexes (NPCs) and mean NPC number per unit area after 30 min of repair, as well as alterations in NPC diameters on the protoplasmic face of fractured nuclear membranes after 10 min of repair. The greatest effects of ultrasound on nuclear envelope structure and NPCs were not to appear immediately, but became evident after repair processes were initiated. Results from the current study may contribute to the general view on the biophysical effects of therapeutic ultrasound on cell morphology and, particularly, the understanding of this effect in relation to the nuclear envelope.
INTRODUCTION
Although ultrasound, as a physical factor, is frequently used in routine medicine, at the cellular level, the effects of acoustic waves on cell membranes are not fully understood. The physical properties of ultrasound are utilised in ultrasonography, while its biophysical effects on cells and tissues are used in physical therapy. The ultrasound effects on targeted tissues and potentially associated risks are known, but all cellular mechanisms induced by ultrasound have yet to be elucidated. For in vitro studies on stimulatory and inhibitory effects of ultrasound on cell cultures, it is particularly important to monitor the nucleus and nuclear envelope. The nuclear envelope is a complex dynamic system composed of membranes and proteins that, when treated by therapeutic ultrasound, are exposed to acoustic waves. The membraneacoustic wave interaction results in biophysical changes in protein structures, subsequently leading to functional changes detectable by molecular biology and biophysics techniques. These changes initiate a cascade of secondary processes, eventually leading to a therapeutic result.
Relevant studies on the effect of therapeutic ultrasound are largely concerned with the measurement of membrane potentials (Mazzanti et al. 2001) , changes in transfer of Ca 2+ ions across the membrane (Roehring et al. 2003 , Hassan et al. 2010 or nuclear envelope involvement in cell viability and proliferation (De Deyne and Kirsch-Volders 1995 , Roehrig et al. 2003 , Tsai et al. 2005 , Bernard et al. 2008 , Zhong et al. 2011 . These studies describe only changes concerning functions of the nuclear envelope, such as its permeability, and little is known about changes in the morphology of membranes after exposure to therapeutic ultrasound.
Due to their complex ultrastructure, nuclear pores in this study are referred to as nuclear pore complexes (NPCs). An exact study of changes in location of NPCs is hindered by their natural uneven distribution (Rabut et al. 2004 , Maeshima et al. 2006 , Antonin et al. 2008 , which may vary with each cell cycle phase or cell line (Maul et al. 1971 , Sugie et al. 1994 . Some authors have employed mathematical analysis to study NPC distribution, but these studies have dealt only with cells not previously exposed to external physical factors (Daigle et al. 2001 , Hinshaw and Milligan 2003 , Dultz and Ellenberg 2010 . There are also reports of using cryo-electron tomography to visualise and identify the most frequently found NPCs, including their inner structure and the structure of their subunits, and to assess their size (Beck et al. 2004 (Beck et al. , 2007 . Since the structures are visualised in their native fully hydrated environment, this technique is likely to provide the most accurate morphological assessments.
The current study was focused on morphological responses of cells exposed to therapeutic ultrasound. Specifically, changes in the number, distribution and size of NPCs due to acoustic energy application were investigated. Nuclear envelopes were visualised using a freeze-etching (freeze-fracturing) technique, which allows us to obtain replicas of membrane structures in relatively large areas and distinguish small protein fragments. This technique has previously been used to study nuclear envelopes in detail to identify and describe their structures (Kartenbeck et al. 1971 , Maul et al. 1971 , 1972 , 1980 , Benchimol 2004 , Cavicchia et al. 2010 .
Based on literature and results of our previous studies on nuclear membranes treated with therapeutic ultrasound, we focused, in the first place, on fractures through nuclear pore complexes. Due to their role in molecule transport across the nuclear envelope, as well as their complicated morphology and membraneintegrated proteins, NPCs may serve as a useful indicator of the biophysical effect of ultrasound and related repair processes.
MATERIAL AND METHODS

Cells
HL-60 (human promyelocytic leukemia) cells were maintained under standard cultivation conditions in an atmosphere of 5% carbon dioxide at a temperature of 37 °C. Cells were passaged every 3 days. The culture medium consisted of Dulbecco's minimal essential medium supplemented with 10% bovine serum, 100 µg/ml streptomycin/penicillin and 2 mM glutamine (Biotech, a. s., Prague, Czech Republic). For all experiments, cells were concentrated by spinning at 900 rpm for 5 min and resuspended in culture medium to give a final concentration of 10 7 cells per ml.
Cell exposure A 1.5 ml aliquot of cell suspension, 10 7 cells per 1 ml of culture medium, was transferred into a polyethylene test tube, which was inserted in a holder rotating at a speed of 10 rpm. The cells were exposed to therapeutic ultrasound generated by a BTL-07p device (Beautyline Ltd., Prague, Czech Republic) at a frequency of 1 MHz and an intensity of 1 W/cm 2 in continuous mode in the horizontal near field for 10 min. The transducer head area was 4 cm 2 . In a polyethylene test tube filled with distilled warm (37 °C) water, attenuation of acoustic pressure was 26% of the original value. Acoustic pressure was controlled by a calibrated PVDF hydrophone, type MH28-6 (Force Institute, Copenhagen, Denmark). Distilled water warmed to 37 °C provided a contact medium.
Cell processing
A suspension of cells treated by ultrasound was placed in a 37 °C water bath along with a suspension of control (untreated) cells. To test the degree of nuclear envelope repair, samples from both suspensions were collected at 0 min, 10 min, 20 min, 30 min, 60 min and 120 min after treatment and fixed for 10 min in fixation solution (2% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M cacodylate buffer) at room temperature. After washing with 0.1 M cacodylate buffer, fixed cells were resuspended in 20% (w) glycerol and then stored in a refrigerator at 6 to 7 °C overnight until use.
Freeze-etching
A drop of dense cell suspension was placed onto a gold carrier and deep frozen in melting nitrogen at -210 °C. In a BAL-TEC 060 Freeze-Etching System (Leica) specimens were fractured and shadowed with a platinum and a carbon layer at 45° and 90° angles, respectively (vacuum, 10 -5 Pa; temperature, -100 °C). Organic matter was removed with 75% sulphuric acid, and a metal replica of exposed cell structures was obtained. After rinsing with distilled water, the replica was placed onto a copper grid.
Replicas were examined using a MORGAGNI 268D (FEI) transmission electron microscope, and fracture faces of the inner and outer membranes of the nuclear envelope were photographed. The designation in figures was used as described by Speth and Wunderlich (1970) and Kartenbeck et al. (1971) .
Image analysis
The action of ultrasound on the nuclear envelope was assessed in micrographs by means of three different parameters: membrane-per-pore area, number of NPCs per unit area and diameter of NPC. The assessment of changes in NPC distribution was based on determining variations in the size of a nuclear membrane area belonging to one NPC. In electron micrographs of nuclear envelopes (36,000× magnification), individual NPCs were manually marked using the Adaptive Control Contrast (ACC) program (Fig. 1A) , and the coordinates (x, y) of each NPC centre were determined. Using these, boundaries between each two neighbouring NPCs were delineated (Fig. 1B) . Areas of the nuclear membrane, each belonging to one NPC, i.e., membrane-perpore (MPP) area, were evaluated using Voronoi tessellation (Jackson et al. 1999 , Frank and Hart 2008 , Sung and Yethiraj 2008 . Areas at the edges of the micrograph that had poorly defined boundaries, as well as membrane areas that appeared concave or convex in relation to the ideal 2D projection plane (Fig. 1B) , were excluded from statistical analysis. The mean number of NPCs in a sample was assessed in the same electron micrographs used for Voronoi tessellation analysis. In the nuclear membrane area lying in an ideal 2D projection plane, NPCs were manually marked and counted. Subsequently, a boundary for the region containing these NPCs was manually marked and its area was measured. For convenience, the mean number of NPCs is reported per 1 µm 2 , which was designated as a unit area in this study.
Electron micrographs in which the fracture plane ran through both the inner and the outer membrane were selected, and NPC diameters on the protoplasmic and exoplasmic fracture faces were measured. NPC diameters were manually marked in the micrographs, and the protoplasmic and exoplasmic fracture faces were assessed separately.
Statistical analysis
The numbers of NPCs per unit area (1 µm 2 ), size of MPP areas and diameter of NPCs were expressed as mean±S.D.; the diameter and MPP area ranges were expressed as min-max. In all samples, the mean NPC number per unit area was determined in each of 50 nuclear membranes examined; the size of MPP area was assessed for 500 to 1000 membrane regions, and the diameter was measured in 250 to 800 NPCs found on the protoplasmic and exoplasmic fracture faces of the inner or the outer nuclear membrane.
The results of NPCs per unit area, Voronoi tessellation analysis and NPC diameter measurements at the defined intervals were compared between ultrasound-treated and untreated samples and evaluated using the two-sided Mann-Whitney U-test at the significance level 2α = 0.05 (STATISTICA 10 software).
RESULTS
Ultrasound-treated and untreated cells were compared based on the following parameters: mean number of NPCs per unit area, NPC distribution in terms of the size of MPP area, and variation in NPC diameters. Changes in NPC numbers per unit area relative to repair period are shown in Table 1 . The effect of therapeutic ultrasound on pore distribution was evaluated based on changes in sizes of MPP areas. A significant difference in size of MPP areas between the treated and untreated samples was apparent immediately after ultrasound treatment (0 min). The mean of MPP areas in treated sample was 0.13±0.05 µm 2 and in control sample it was 0.11±0.04 µm 2 . A significant difference was also found 30 min after the treatment. In the ultrasoundtreated sample, variance in MPP areas increased. The mean value of MPP areas in ultrasound-treated sample was 0.14±0.07 µm 2 , in control sample 0.11±0.04 µm 2 , with the range of values in treated sample 0.04-0.67 µm 2 and 0.03-0.29 µm 2 in control sample. At 60 min there was still a significant difference in MPP areas, but the range was similar in both treated and untreated samples (0.03-0.29 µm 2 ). At 120 min there was no significant difference in MPP areas between treated and untreated samples.
For assessment of the effect of ultrasound treatment on the size of NPCs, mean NPC diameters on the protoplasmic fracture faces were compared Fig. 2. Fractured nuclear membranes. (A) specimen treated by ultrasound at a frequency of 1 MHz and an intensity of 1 W/cm 2 for 10 min; (B) control specimen; both fixed at 0 min. PF, protoplasmic fracture face; EF, exoplasmic fracture face; INM, inner nuclear membrane; ONM, outer nuclear membrane. Nuclear pore complexes (NPCs) on the PF of the inner membrane were similar in appearance in both specimens but, in the treated one (black arrows), NPCs appear to be nearly level with the membrane surface. NPCs on the EF of the outer membrane in the treated specimen were different in appearance (white arrows) due to protein fragments incorporated into the outer nuclear membrane. Encircled black arrows indicate the direction of platinum shadowing. Bar, 500 nm.
with those on the exoplasmic fracture faces, ranging from 0.3-4.2 nm and 1.3-5.0 nm in treated and untreated samples, respectively.
Immediately following ultrasound treatment (0 min), there was a significant difference in NPC diameters on the protoplasmic fracture face in treated samples as compared with the control. In treated sample, diameter variability was greater and the mean of NPC diameter (89±4 nm) was higher by 6 nm in comparison with the control. At 10 and 20 min differences in both the size and shape of NPCs were still significant and, at 10 min, the mean of diameter was 94±4 nm in treated sample and 83±4 nm in control sample; at 20 min the respective means were 96±4 nm and 86±5 nm. At 30 min this difference was no longer significant. On the exoplasmic fracture face, significant differences in NPC diameters between treated and untreated samples were observed at 0 min and the difference between means of diameters was 5 nm (diameter of NPC in treated sample 89±5 nm).
Upon comparison of the micrographs of fracture faces of the inner and outer nuclear membranes, the protoplasmic fracture face of the inner membrane in treated samples showed fragments of membrane proteins, and its NPCs were more deeply immersed in the membrane surface than those in the control sample ( Fig. 2 and 3) . In one area of the exoplasmic fracture face of the outer membrane, the characteristics of fracture through NPCs were different from those in the control sample ( Fig. 2A) . Differences in NPC appearance on the protoplasmic fracture face between treated and untreated samples at 10 min are shown in Fig. 3 A-I.
DISCUSSION
Morphological alterations in the nuclear envelope, involving changes in the number or distribution of NPCs, in response to physical factors, such as temperature or acoustic oscillations, are poorly understood (Baker et al. 2001 , Cambier et al. 2001 ). This is due to the fact that distribution of NPCs naturally varies in the nuclear envelope from cell to cell (Rabut et al. 2004 , Maeshima et al. 2006 , Antonin et al. 2008 . Furthermore, available imaging methods require sample preparation procedures that have a tendency to damage structures of interest and create artefacts.
A morphological description of the structure of protein complexes integrated into membranes is difficult and tedious. Freeze-etching provides exact metal replicas of membrane structures and allows for detailed visual analysis of specimens which are not subject to ongoing changes during examination or to destruction. Replicas of cells reveal details on fracture faces of the nuclear envelope, such as protein fragments incorporated into the membrane. This technique also enables us to study the distribution of proteins, i.e., pores or pore complexes, on the membrane surface and evaluate changes in their characteristics (Moor and Mühlethaler 1963 , Kartenbeck et al. 1971 , Maul et al. 1971 , 1972 , 1980 , Cavicchia et al. 2010 , Heuser 2011 .
For finding evidence of membranes being affected, use of the freeze-etching technique and dense suspension samples was preferred. HL-60 cells were employed in the current study because their morphology is well-defined, they are easy to culture and multiply rapidly, providing up to 10 6 cells per ml in one passage. Morphological cell line characteristics have been described in previous studies (Vaskovicova et al. 2006 (Vaskovicova et al. , 2009 (Vaskovicova et al. , 2011 .
Acoustic oscillations applied to tissues and cell cultures exert their effect primarily on membranes and, consequently, the protein structures integrated into the membranes (i.e. membrane-associated proteins). Owing to their complexity based on the involvement of a large number of protein subunits, NPCs can serve as an indirect indicator of any mechanical action of ultrasound on nuclear envelopes. Changes in the NPC inner structure may not be the only consequence of ultrasound effect on week chemical bonds between proteins; there are also changes in the shape and characteristics of fractures through NPCs which are due to different strength of bonds between protein subunits. Damage to subunits may result in pore disintegration, evident by altered numbers or distribution of NPCs.
Defining the size of a membrane area belonging to one NPC is a key factor in the assessment of NPC distribution throughout the nuclear envelope. The size of an MPP area is equivalent to the distance between neighbouring NPCs, which is distinct from the number of NPCs found in a unit area. While the same number of NPCs can be found in a unit area of both a treated and an untreated membrane, the distribution of NPCs in them may be completely different. Assessing size of MPP area in combination with counting NPCs per unit area allowed us to gain a deeper insight into morphological changes in the nuclear envelope following exposure to ultrasound.
The freeze-etching method can only visualise NPCs whose subunits are incorporated into the inner or outer membranes of the nuclear envelope (LenzBöhme et al. 1997 , Lim et al. 2008 , FernandezMartinez 2009 , Doucet and Hetzer 2010 . It has been suggested that a decrease in the mean number of NPCs per unit area implies disintegration of some NPCs. Consistently with this assumption, a decrease in the mean NPC number per unit area was observed 30 and 60 min after ultrasound exposure. Similarly, on the assumption that the size of the nuclear membrane remains unchanged after treatment, variability in MPP areas in the treated samples markedly increased as compared with the control samples examined at the same time intervals. This increased variability as well as a greater range result from dividing the MPP area of the missing NPC amongst the neighbouring NPCs.
Any NPC requires a certain time for its relocation or re-assembly (Bucci and Wente 1997, Dultz and Ellenberg 2010) ; this involves several hours and varies with each cell line and the proliferative capacity of its cells. After allowing 120 min for repair, the mean of NPC number per unit area and also MPP area variability were comparable in both treated and untreated samples, indicating that cells exposed to ultrasound were able to restore the initial characteristics of their nuclear envelopes in culture medium at a temperature of 37 °C during 120 min.
Studies using cryo-electron tomography or mathematical modelling of NPC shape and size have suggested that NPC diameter can be measured on either the inner or the outer nuclear membrane since the cytoplasmic ring and the nuclear ring have equal diameters (Hinshaw and Milligan 2003 , Beck et al. 2004 , 2007 . NPC diameters reported in this study were obtained from measuring the protoplasmic and cytoplasmic fracture faces of the inner and outer nuclear membranes. As such, these values cannot be compared with those of the cytoplasmic and nuclear rings assessed by cryo-electron tomography. The appearance of the ring of a fractured NPC seen on the protoplasmic fracture face is, in addition to protein fragments integrated into the membrane, due to the presence of protein and porine fragments derived from a spoke ring of this NPC. In an NPC ring on the exoplasmic fracture face, the appearance also involves protein fragments coming from the protoplasmic or the nuclear ring and partly also from the spoke ring, in addition to membrane-incorporated proteins. Thus, the shape and size of any NPC ring on the protoplasmic or exoplasmic fracture face varied in relation to the true size of this NPC as well as to the involvement of fractured protein subunits derived from some of the rings mentioned above (Kartenbeck et al. 1971) . When bonds among membrane proteins were disrupted by ultrasound waves, the spoke, cytoplasmic and nuclear rings were fractured differently, resulting in an altered size or deformation of the usually circular NPC.
A significant difference in NPC diameters on the protoplasmic fracture face was observed immediately after ultrasound treatment and lasted up to 30 min, with the most significant difference being at 10 min after treatment. On the exoplasmic fracture face, the most significant differences were seen at 0 min, thus providing further evidence that ultrasound primarily disturbs protein subunits of the spoke ring, resulting in significant changes in NPC diameters immediately after ultrasound treatment, and lasting up to 30 min that were evident on the protoplasmic fracture face.
Although the control sample was not affected by ultrasound, gradually enlarging diameters of NPCs fractured in the protoplasmic face of the nuclear envelope were recorded. The mean of diameter increased after 20 min from the initial 83±4 nm to 86±5 nm. This can be explained, for instance, due to transport of macromolecules through NPCs which may become more frequent due to repair processes induced by manipulation with the sample before the experimental treatment. The cell suspension had to be concentrated by centrifugation and was also subjected to a short-term thermal shock. This manipulation stress can cause cell reactions or may increase cell sensitivity to the following treatment, but its complete elimination is not possible. A detailed explanation of this stress is out of the scope of our study. Although the mean of NPC diameter in the control sample increased, in the treated sample its value was higher by 6 nm at 0 min, by 11 nm at 10 min, and by 10 nm at 20 min as compared with the control sample. Hence, these values can be taken as evidence of ultrasoundinduced changes.
Changes in NPC inner structure described here are in agreement with previously reported findings of altered permeability of nuclear envelopes to large and electrically-charged molecules during and after exposure to ultrasound (Bernard et al. 2008 (Bernard et al. , 2010 . Such alterations may also provide an explanation of the fact that it is easier for these molecules to penetrate through the envelope during or shortly after ultrasound application. Studies on penetration of anti-cancer agents into the nucleus have shown that administration of a drug simultaneously with ultrasound application may enhance inhibitory effects of the drug and eliminate more tumour cells compared to administration of the drug alone. Therefore, augmentation of any drug delivery by simultaneous application of ultrasound may be used to improve drug efficiency, as well as to stimulate cell proliferation during healing processes in clinical practice.
